Compound-specific isotope analysis (CSIA) is fast becoming an important tool to provide chemical evidence in a forensic investigation. Attempts to trace environmental oil spills were successful where isotopic values were particularly distinct. However, difficulties arise when a large dataset is analyzed and the isotopic differences between samples are subtle. Thus, this study intends to demonstrate any linkages between diesel fuels in a large number of datasets where subtlety in the isotopic values is accentuated by the near single-point source of origin. Diesel fuels were obtained from various locations in the South Island of New Zealand. Aliquots of these samples were diluted with n-pentane and subsequently analyzed with gas chromatography-isotope ratio mass spectrometry (GC-IRMS) for carbon and hydrogen isotope values. The data obtained were subjected to principal component analysis (PCA) and hierarchical clustering. A wide range of δ 13 C and δ 2 H values were determined for the ubiquitous alkane compounds (the greatest values being -4.5‰ and -40‰, respectively). Based on the isotopic character of the alkanes it is suggested that diesel fuels from different locations were distinguishable and that the key components in the differentiation are the δ 2 H values of the shorter chain-length alkanes. However, while the stable isotope measurements may provide information to classify a sample at a broad scale, much more detailed information is required on the temporal and spatial variability of diesel compositions. The subtle differences of the stable isotope values within the alkanes of different diesel fuels highlighted the power of CSIA as a means of differentiating petroleum products of different origins, even more so when two or more stable isotopes data are combined. This paper shows that CSIA when used in tandem with multivariate statistical methods can provide suitable tools for source apportionment of hydrocarbons by demonstrating a straightforward approach, thus eliminating lengthy analytical processes.
Introduction
Traceability of diesel fuel is becoming increasingly important especially in a forensic context. From an environmental perspective it is important to ascertain culpability for a diesel oil spill; likewise in a criminal investigation, such as the theft of diesel fuel. In either situation, it is important to demonstrate any linkages, or relationships, between diesel samples. Molecular fingerprinting provides obscure and ambiguous information based on chemical fingerprints of the refined petroleum products; more effective tools are required to withstand scrutiny in the court of law. Compound-specific isotope analysis (CSIA) has been shown to distinguish petroleum-derived hydrocarbon samples of different origin and/or history based on the stable isotope signatures, albeit the differences obtained are subtle (O'Malley et al. 1996; Smallwood et al. 2002; Philp et al. 2002; O'Sullivan and Kalin 2008) . The objective of this study is to explore the discriminative power of CSIA to find the relatedness in a set of diesel fuel samples, and thus provide insights in the changes occurring in the isotopic signatures of refined petroleum products, if any. If changes are documented, then scientists will have to be more cautious in applying this method and certainly isotopic shifts should be accounted for when presenting isotope fingerprints data. More importantly, this research was carried out in New Zealand, where almost 90% of the domestic diesel usage comes from the same refinery, which will give strength to the investigation as the samples obtained originate from a near singlepoint source.
Scientific literature shows that the isotopic composition of individual compounds within diesel oil is dependent upon its geologic source, processing and decompositional state (McRae et al. 1996) . However, after the diesel oil leaves the refinery, it is also subjected to a variety of physical and biological processes which begin to alter the isotopic composition of the individual compounds in the refined oil. These processes could occur simultaneously and overlap with each other. Nevertheless, the likelihood of diesel oil stored in a tank to undergo biological weathering is small if the service station operator adheres to good "house keeping" practices, i.e. treatment with biocides to limit growth and the use of special tank linings, etc. (Muthukumar et al. 2003 ) which leaves only abiological processes such as physical mixing and partial evaporation to affect the isotopic composition of the hydrocarbons.
As diesel weathers, some compounds, such as alkanes, undergo isotopic fractionation (Sun et al. 2003; 2005) _ENREF_3. No fractionation is observed for carbon or hydrogen during light weathering, but carbon fractionation up to 4‰ has been observed during heavy weathering (Sun et al. 2005) . Fractionation of up to 35‰ has been observed for hydrogen during heavy weathering (Sun et al. 2005) . These changes are >10 times the analytical precision; thus the isotopic fingerprint has a high level of discriminatory power and can be used to differentiate batches of diesel that have different weathering history.
Developments in GC-IRMS (Matthews and Hayes 1978; Freeman et al. 1990; Lichtfouse 2000) have enabled CSIA techniques to be applied in a wide range of studies of hydrocarbons_ENREF_5_ENREF_6. It has been used to aid source rock and oil correlations (Asif et al. 2009 ), source-apportioned polycyclic aromatic hydrocarbon (PAH) emissions (McRae et al. 1996) , distinguishing gasoline samples (Smallwood et al. 2002) , and many others reviewed elsewhere (MeierAugenstein 1999; Philp 2007; Thullner et al. 2012; Négrel et al. 2012 ). More importantly, many studies have proven the variability of carbon and hydrogen isotopic compositions of individual compounds within gasoline samples (Dempster et al. 1997; Kelley et al. 1997; Harrington et al. 1999; Smallwood et al. 2001 Smallwood et al. , 2002 . However, studies on the variability of the stable isotope compositions in hydrocarbons within diesel fuel are severely lacking (Li et al. 2001; Harvey et al. 2012) . Although both gasoline and diesel fuel contain hydrocarbon compounds that are derived from the same source (crude petroleum), they differ in their chemical properties and behaviors (Speight 2007) . Gasoline is composed of hydrocarbon compounds which are light, clear liquid, and have short carbon chain lengths (<C12) which easily vaporize; this makes gasoline a good and preferred study sample to look for isotopic variation and discrimination, as vaporization fractionates isotopes (Kendall and Caldwell 1998) . On the other hand, diesel fuel distills at a high temperature (>230 °C) and contains compounds of similar molecular masses which produce similar chromatograms, even for the ones derived from different crude oil feedstocks (Wang et al. 1999) . Furthermore, diesel fuel does not contain many source-specific target analytes which confound the discrimination and correlation analysis of this refined petroleum product. Diesel fuel is a challenge to fingerprint and while conventional GC techniques lack the resolving power to detect minor differences between similar samples (Gaines et al. 2006) , CSIA can potentially be a unique tool to differentiate batches of neat petroleum diesels; hence the rationale for this study.
Difficulties in the determination of source and origin of diesel fuel are compounded if the parent crude oil comes from the same geologic province and background, or if crude oil from various areas is brought into a country and processed at the same petroleum refining plant, such as the case in New Zealand. Chemical variability of the diesel fuel distributed for domestic use in this country is expected to be very low due to several factors in its supply chain; 1). the Marsden Point Oil Refinery (the only refinery in the country) produces around 90% of New Zealand's diesel and about 65% of its petrol, 2). the rest of New Zealand's petrol and diesel is imported from refineries in the Asia-Pacific region and sometimes as far away as the USA and the Middle East, 3). the four major oil companies (BP, Caltex, Mobil and Shell) supply more than 95% of the petrol and diesel sold in New Zealand, 4). the Marsden Point Refinery receives a processing fee from each oil company. It does not select the oil it processes, nor does it own any of the crude oil or the products it produces, 5). with the takeover of Challenge by Caltex, there is only one independent retail fuel operator, Gull Petroleum, in New Zealand. Gull Petroleum imports all its fuel directly through its terminal in Mt. Maunganui.
Significant isotopic differences would be expected between different suppliers, feedstocks, or if the same supplier uses different starting crude oil blends (Smallwood et al. 2002) . However, in the New Zealand context, the near-single point of supply to the major distributors would mean the differences between oil company's products would be much more subtle. Differences would be imparted mainly through mixing in the various reservoirs and storage tanks in the supply chain and physical weathering (evaporation) effects. The fuel dispensed at each service station will have a different history and hence likely a different isotopic composition. It is with this assumption that we carried out the analysis of 45 diesel fuels obtained from different service stations using the CSIA technique. If the objective of this analysis is achieved, it will provide supportive evidence of the robustness and the discriminative power of the technique.
Multivariate statistics have been used to correlate and differentiate petroleum hydrocarbons to its source(s) based on the stable isotope fingerprints in recent times (Boyd and Coffin 2004; Boyd et al. 2006 ). These methods are suitable for environmental hydrocarbon fingerprinting due to the large number of samples and variables involved. Exploratory analysis such as principal component analysis (PCA) is an approach which is frequently applied in this area due to its ability to detect a potential group tendency between samples; i.e. to assign a class membership to each sample and at the same time revealing the underlying features in the data set that are responsible for the detected classification (Pasadakis et al. 2008) . Another statistical approach which is highly favored for oilsource correlation work is hierarchical clustering analysis. This approach builds models based on distance connectivity between samples in a multidimensional space spanned by the original variables. It aims to assign each sample to a group of objects in a stepwise manner where extensive hierarchies of clusters merge with each other at certain distances.
The objective of the present study is to analyze a large number of diesel fuels obtained from various parts of the South Island of New Zealand in an attempt to find linkages between the samples based on the isotopic signatures of the selected alkanes present in the samples. The data set obtained was subjected to PCA and hierarchical clustering analysis to evaluate information about the similarities and dissimilarities of the diesel samples, and at the same time ascertain the variables that provide the best interpretation within the data set.
Similar work on the characterization of diesel fuel using isotopic fingerprints has been recently reported (Harvey et al. 2012 ) but the present study includes a more extensive sample population with the prospect of having a near-single point of supply; this provides an additional challenge in differentiating diesel fuels based on the stable isotope fingerprints.
Material and methods

Sample details and preparation
Diesel fuel samples were obtained from 45 service stations located around the South Island of New Zealand coming from areas such as Dunedin City, North and South Otago, Twizel, Christchurch City and South Canterbury. Although Twizel is located in inland Canterbury it is generally serviced from the Otago arterial road network. The suppliers of the 45 different diesel fuels include Caltex, Mobil, Challenge, Shell and BP. A map of the South Island of New Zealand showing the aforementioned areas is shown in Fig. 1 .
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GC analysis
Compound-specific carbon and hydrogen isotope ratios were determined using a Trace Ultra-gas chromatograph (Thermo, Milan, Italy) coupled to a Deltaplus XP isotope ratio mass spectrometer (Thermo, Bremen, Germany) via a high-temperature conversion furnace. For carbon isotope analysis the individual compounds were converted to CO 2 in a reactor at 940 °C with Pt, Ni, and Cu wires to promote combustion. Hydrogen isotopes were measured after conversion of the sample to H 2 by pyrolysis in an empty ceramic reactor held at 1450 °C. The injection mode used was splitless with the temperature set at 300 °C. One µL of sample was injected using a CombiPAL auto sampler (CTC, Zwingen, Switzerland). Compounds were separated using a J&W Scientific HP-1 GC column (30 m, 0.32 mm i.d., 0.25 µm film thickness). Identification of the analytes was made prior to isotope analysis using a gas chromatograph with a flame ionization detector (GC-FID) by comparing the retention times of a DRH-008S-R2 hydrocarbon standard solution (AccuStandard, Connecticut, USA), which contains 35 n-alkane compounds in chloroform, with those of the samples. The GC analytical conditions for both instruments were set to be the same throughout each run to avoid misrepresentation. The carrier gas for the analysis was helium with a constant flow of 1.5 ml/min. The parameters for the analytical run were as follows: 50 °C initial value for the oven temperature program, initial hold time of 1 min, temperature ramp at 10 °C min to 300 °C, and final hold time of 4 min. Gas chromatographic and isotope analyses were obtained on at least two replicate samples and each analysis was an average of at least three measurements.
Instrumental drift during individual sample analysis ( 30 min) was corrected by injecting multiple pulses of monitoring gas (CO 2 and H 2 for each of their respective analysis) at the beginning and end of each sample run. Instrumental drift during a batch sample was corrected by injecting a standard mixture (containing seven pre-determined bulk δ 13 C and δ 2 H isotope ratio n-alkanes) every six samples. The instrument analytical precision for compound specific δ 13 C and δ 2 H analysis was determined to be <0.3‰ and 3‰, respectively, based on the results for the external standard containing 7 n-alkanes measured after every 6 samples. Isotopic compositions of each n-alkane are expressed as δ values per mil (‰) deviation relative to isotopic standard reference materials:
where R = 13 C/ 12 C or 2 H/ 1 H. The δ 13 C were reported relative to the Vienna Pee Dee Belemnite (VPDB) scale, while δ 2 H values were reported relative to the 24 S. A. Muhammad et al. Central European Geology 56, 2013 (1) Vienna Standard Mean Ocean Water (VSMOW) standard. The H 3 + factor was determined daily using the standard hydrogen gas introduced through the interface. The mass spectrometer was tuned to ensure that the H 3 + factor was less than 10 ppm/nA and that the daily variability is <0.1 ppm/nA.
Isotopic composition of alkanes in diesel fuel
Diesel fuel is a very complex mixture of thousands of individual compounds, most with carbon numbers between 9 and 23. The alkanes' (also known as paraffins) proportion in diesel fuel typically amount to 75 weight%, the remainder being mainly naphthenes and aromatic fractions. This complexity can cause analytical problems as true compound-specific isotopic analysis requires baseline resolution and no co-eluting peaks. In a typical gas chromatographic profile, middle range molecular weight alkanes are concentrated in the middle of the profile with nC 15 , nC 16 , nC 17 , pristane, nC 18 , phytane and nC 19 compounds, as can be seen in Fig. 2 . The measured stable isotope ratios across selected peaks may therefore include some underlying co-eluting material and are not entirely specific for individual compounds. However, the data remain forensically relevant as part of an "isotopic fingerprint pattern". The alkane compounds which were able to be reliably quantified and yielded reproducible isotopic values using a GC-IRMS system in this study started with nC 12 and ended with nC 23 . The responses from these compounds give reproducible results when they are in the linear range of the instrument capability which is at 0.5 V or more (Bilke and Mosandl 2002; Schmitt et al. 2003) . Hence, in this study we solely focused our attention on these selected alkanes (nC 12 to nC 23 ).
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PCA is a mathematical procedure that converts the possibly correlated original variables into new linearly uncorrelated variables, called the principal components (PCs). PCA reveals the internal structure of the data and finds the indices which best explain the variance in the data set. This technique also provides the most meaningful parameters which describe the whole data set interpretation, reducing the dimensionality of the transformed data and summarizing the statistical correlation among constituents with minimum loss of original information (Kazi et al. 2009 ). In this study, PCA was used as an exploratory technique to determine samples with similar isotopic compositions in the PC space. This can be visualized using the scores plot, which illustrates a sample grouping tendency as the position of each sample in the scores space depending on the contribution of certain characteristic patterns (loadings) of the data set (Pasadakis et al. 2008) .
Hierarchical clustering analysis seeks to build a hierarchy of clusters by measuring either the distance or the similarity between the objects to be clustered. It is normally used when there are no a priori hypotheses. The more preferred approach is the hierarchical agglomerative clustering or the "bottom up" approach, which builds the hierarchy from the individual element by progressively merging the clusters. The results of hierarchical clustering are normally illustrated using a dendrogram (tree diagram). The dendrogram illustrates the clustering summary processes, showing the number of clusters (number criterion) and indicating their proximity in space (distance criterion), thus reducing the dimensionality of the original data. In this study, hierarchical clustering analysis was performed on the data using Ward's linkage method, which minimizes the total within-cluster variance, and the cluster distances are defined by the squared Euclidean distances as a measure of similarity.
Results and discussions
CSIA of diesel fuels from service stations
The stable isotope values of the 12 n-alkanes, pristane and phytane were monitored to discriminate diesel fuels from different sources. The ranges in carbon and hydrogen isotope ratios of each of these alkanes are illustrated in Figs  3 and 4 , respectively. The range of carbon isotopic compositions of the alkanes in all of the diesel samples (-33.3 to -25.8‰) was found to be similar to previous work (Sun et al. 2005) . The δ 13 C and δ 2 H values of pristane and phytane were lighter than the rest of the alkane compounds, which is probably due to the 26 S. A. Muhammad et al. Central European Geology 56, 2013 Forensic differentiation of diesel fuels using hydrocarbon isotope fingerprints 27
Central European Geology 56, 2013 Hydrogen isotope ratios of the alkane compounds found in 45 diesel samples. Bars represent the range of isotope values for each compound different biosynthetic pathways undergone by these isoprenoids during biogenic processes (Bayliss 1968) . Most petroleum and its related products are known to have δ 13 C values of -34‰ to -20‰ (Fuex 1977) , and extremely low carbon isotope ratios (-62‰ to -31‰) of natural gas from biogenic origin have been reported (McRae et al. 2000) . Table 1 shows the statistics of the δ 13 C and δ 2 H values of individual alkanes in 45 diesel samples from local service stations. Alkane compounds in these diesel fuels exhibited a broad range of δ 13 C within the sample group as a whole, the greatest being observed for nC 23 (-31.7 to -27.2‰) and nC 12 (-29.6 to -25.8‰ ). The statistical data show the hydrogen isotope ratios having the biggest range in nC 14 (-105.1 to -65.1‰), nC 15 (-96.2 to -58.1‰) and nC 17 (-97.6 to -59.7‰) in the entire diesel samples analyzed. The wide range of hydrogen isotope values for these alkanes within the diesel fuels were in agreement with previous published results, each of which were distinctive isotopically (Li et al. 2001) .
Multivariate statistical analyses of the isotopic values
PCA was used to identify clusters of similar diesels and the most discriminatory compounds in the data set. The scree plot in Fig. 5 shows the trend line indicating the fraction of total variance in the data. The variance was explained mostly by three components; the alkane compounds that contributed predominantly to the 28 S. A. Muhammad et al. Central European Geology 56, 2013 Fig. 5 Scree plot shows the trend line indicating the fraction of total variance in the data. The variance is explained mostly by three components
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Central European Geology 56, 2013 Table 1 Statistics of the δ 13 C and δ 2 H value of individual alkanes in 45 diesel samples from local service stations variance were identified by using the first principal component (PC1). About 54% of the variability was explained by PC1. Another 19% of the data set variability was accounted for by the second principal component (PC2). The third principal component (PC3) described 9% of the variance and altogether more than 82% of the data set variability could be described by the first three principal components.
Figures 6 and 7 show the scores plot for the first three principal components of the data set. Plotting PC1 and PC2 yielded three distinct clusters (Fig. 6) . The first cluster consisted of South Otago and Twizel samples, the second cluster contained the samples from Dunedin City area and the third consisted of the remaining samples. Likewise, plotting PC1 and PC3 in Fig. 7 also produced three distinct clusters but this time providing a clearer separation between South Otago and Twizel samples from the Canterbury region and North Otago samples, as well as the diesel samples obtained from the Dunedin City area. Overall, plotting all three PCs on the scatter plot inferred very close relationships between samples in two different clusters, one of which consisted of samples coming from the 30 S. A. Muhammad et al. Central European Geology 56, 2013 Dunedin area and another containing the South Otago and Twizel samples. The cluster that contained the samples from the Canterbury region and North Otago area only indicated a moderate correlation, as can be seen in the scores plot.
PCA was then used to identify the variables that contributed most to the variance of the data set. Table 2 shows the component matrix which listed all the variables and their contribution to the data set variability. The compounds that contributed the most are those with the largest values in the positive and negative directions. The top contributors to PC1 are the δ 2 H values of nC 15 , nC 16 and nC 17 with highly positive coefficients (>0.9) but the δ 13 C values of these compounds provided little weight in the interpretation of the scores for the same principal component. Furthermore, PC1 had an almost evenly strong contribution from the rest of the variables for both δ 13 C and δ 2 H values. In PC2, based on the δ 13 C Forensic differentiation of diesel fuels using hydrocarbon isotope fingerprints 31 Central European Geology 56, 2013 Fig. 7 Scores plot for principal component analysis. It holds the scores for each sample on PC1 and PC3. The names of some samples were removed for easier visualisation. Distinct clustering can be seen for samples from Dunedin City (right), Canterbury region and North Otago (central), and South Otago and Twizel (left) values, the loadings were almost equally weighted between all the alkanes ranging from 0.283 to 0.533 except for nC 15 and nC 16 which showed relatively high value of 0.747 and 0.661. Meanwhile, the hydrogen isotope ratios of alkanes within the diesel samples showed negative coefficients when compared with δ 13 C values, suggesting an inverse relationship between these two stable isotopic values of the same compounds. However, no obvious differences in the loadings of the δ 2 H values could be detected between the variables, indicating that all the alkane compounds are equally important in describing the variation between the samples based on PC2. Hence, it is rather obvious that PC2 allowed clustering based on the different stable isotope components used in the data set (Fig. 6) .
For PC3, several alkane compounds, nC 15 to nC 17 , had the greatest weight in the interpretation of the scores with positive coefficients for δ 13 C values. On the other hand, the shorter chain alkanes (nC 12 -nC 14 ) gave more weight in the loadings to the δ 2 H values, although in the opposite direction from that of the δ 13 C values. When the scores plots of PC1 and PC3 were plotted together as shown in Fig. 7 , PC3 separated the South Otago and Twizel samples from the rest of the set, suggesting that the shorter chain length alkanes were the components that contributed the most to the clustering. This finding may infer that the factor which led the South Otago and Twizel samples to be very distinct from the remaining samples was caused by the differences in stable 32 S. A. Muhammad et al. Central European Geology 56, 2013 Table 2 Component matrix which shows variables and their contribution to the variance in the data set. Results are based on the δ1 3 C and δ 2 H values of the alkane compounds isotope values within these alkanes. These differences can be due to physical weathering. This reasoning was based on previously published work (Stout et al. 2001; Wang and Brown 2008) , which indicated that the shorter chain-length alkanes are more susceptible to any form of weathering process. In all likelihood, evaporation could happen at some stage during the transfer from the refinery to the service stations. It has been determined that shorter chain-length alkanes indeed show isotopic fractionation rising from evaporation in previous studies Huang 2001, 2003; Muhammad et al. 2013) . Also, it is important to note that the residual diesel in the storage tanks at these stations could be mixed with additional fillings, thus changing the stable isotope compositions within the diesel to a certain extent.
Hierarchical clustering analysis was performed to determine if variability in the data set of the diesel fuel analysis could account for the relatedness between samples. Figure 8 is a dendrogram derived using Ward's linkage method showing a cluster relationship between the 45 diesel samples. Cluster analysis yielded a very similar picture shown by PCA. Samples from different locations in the Dunedin area implied a very close relationship. The same relatedness was observed for the samples which were obtained from the Canterbury region and North Otago. In addition, the distinct clustering of South Otago and Twizel diesel samples from the rest of the set demonstrated by PCA held true as seen in the dendrogram.
Conclusions
In the present study, CSIA had been used to determine the carbon and hydrogen isotopic composition of the alkanes within 45 diesel samples from different locations in the South Island of New Zealand. Wide ranges of δ 13 C and δ 2 H values were determined for the ubiquitous alkane compounds (the greatest values being -4.5‰ and -40‰, respectively). PCA and hierarchical clustering analyses of the stable isotope values within the alkanes suggested that diesel fuel samples obtained from different locations were distinguishable. The key components in the differentiation of these diesel fuel samples are the δ 2 H values of the shorter chain-length alkanes, compounds that are known to be susceptible to weathering. However, due to the sampling being a one-off event and the information on fuel delivery schedule to various stations by trucks was not accessible, possible reasons for diesel fuel discrimination as observed in this study (i.e. geographic origin, diesel fuel's residence time or replenishment regime of a storage tank at a service station), may be purely coincidental and there should be no implication of a factor such as geographic discrimination per se.
The subtle differences of the hydrogen isotopic compositions within the alkanes of different diesel samples highlighted the power of CSIA as a means of differentiating petroleum products from different origins, even more so when two or more stable isotopes systems are combined. While the stable isotope measurements may provide information to classify a sample at a broad scale (rural versus urban origin), much more detailed information is required on the temporal and spatial variability of diesel fuel compositions. The pattern and linkage(s) found among these samples, if combined with the identification of the driver(s) or commonality that induces the changes in the isotopic composition of the samples, provide a good basis for many applications such as forensic investigation.
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